Abstract. This study investigates the benefits of using pumped-storage hydroelectricity (PSH) as an intermediary between wind turbines and power grid. The approach includes a simulation model and the development of PSH potential estimation. The system sizing was done based on 1985-2014. Potential sites for PSH plants were identified for two provinces of Northern Poland. According to the proposed mathematical model, a simulation of wind-powered PSH was performed for the year 2015. From the obtained results we find that the proposed power unit is capable of ensuring dispatchable energy generation.
Introduction
Renewable energy sources (RES) are generally perceived as a viable solution for eliminating greenhouse gas emissions [1] , increasing energy security [2] , and creating new employment [3] , both in manufacturing and in services. However, they usually come with greater initial costs [4] , a larger demand on land for energy-harvesting infrastructure (due to the low intensity of available energy per area) and intermittency in energy generation [5] . This last is especially severe in the case of wind and solar energy, hence variable renewable energy (VRE). The aforementioned characteristics vary depending on climate, financial incentives and workforce costs. According to the literature, there are several challenges for which solutions must be found in order to successfully and cost-effectively integrate RES into power grids. For example, Bird et. al. (2013) [6] points out the stochastic nature of some RES, which demands greater flexibility of the power system. This can be realised by adequate resources to enable adjustment to the sudden ramps in power generation from VRE. In reality, conventional power plants must be able to cover energy demand when there is no available energy from VRE. Vice-versa, when the load is low (especially at night) and wind generation might be approaching its nameplate capacity, conventional power plants must be turned down. Recently, issues related to RES integration have been addressed by Jones (2014) [7] who pointed to VRE forecasting solar, [8] wind [9] , hydro [10] , demand site management (DSM) [11] , intercontinental power grids connections [12] and energy storage [13] as possible solutions enabling greater penetration of RES in the worldwide energy mix. So far, in order to minimise the impact of varying demand on the operation of power plants, excess energy has mainly been stored in the form of gravitational potential energy -pumped-storage hydroelectricity (PSH). According to Papathanassiou and Boulaxis (2006) [14] , energy storage is the most promising way to increase wind's share in covering energy demand. Those issues have been investigated by [15] from the perspective of municipal energy consumer and the complmentary wind and solar energy sources coupled with fuel cell. Various configurations of hybrid energy sources has been investigated in following papers (solarwind [16] , solar-wind-PSH [17] , wind-PSH, solar-PSH, solar-diesel generator [18] and many more) and pointed to the importance of the temporal complementarity of VREs. The concept of the VREs complementarity has been investigated in numerous papers and considered various time and spatial resolutions. Majority of papers focussed on single countries or even individual sites investigating the temporal complementarity on an annual, seasonal and hourly basis [19, 20, 21] . The energy market is organised such that power plants which can generate electricity at the lowest cost are operating around the clock to cover the base load. Other power units' operation is adjusted to the forecasted demand. Forecast errors are compensated for by quickly ramping up or down gas-powered power plants and energy storage. Projections developed by Fraunhofer ISE [4] indicate that, by 2020, electrical energy coming from onshore wind turbines might be cheaper than that obtained from brown coal. Therefore, using energy derived from wind turbines to cover base load may be cost effective, although there is the issue of wind generation reliability and predictability. One way to overcome this encumbrance is to develop very accurate, long-term wind forecasts. Another is to use energy storage to enable the dispatch of wind-generated energy when needed. To the best of our knowledge, the concept of wind-powered PSH hybrid operating as a conventional power plant has only been presented by [22] . Here we explore and develop this idea by introducing a mathematical simulation model. The created model was then used to investigate the behaviour of hybrids in two Northern Poland provinces, namely Pomerania and West Pomerania, which, as of 30.12.2015, have 40% of the wind turbine power installed in Poland -1637 MW [23] . PSH storage potential was assessed based on the procedure described in the section Methods & Data; no existing PSH projects were considered. The aim of this paper was to answer the following research questions:
• Is the estimated potential storage capacity of PSH sites sufficient for the proposed operation of a wind-powered PSH power unit? • How does PSH capacity affect the energy flow between wind parks and the power grid?
Methods

PSH: potential estimation
Potential sites for PSH projects were determined based on: the numerical terrain model DTED 2 (Digital Terrain Elevation Data) retrieved from army topography maps of scale 1:50,000; LIDAR (Light Detection and Ranging) data; orthophotomaps; and digital borders of protected areas in Poland. Only lakes of surface area greater than 100 hectares in the Pomorskie Lake Region were selected for further investigation. This initial group was further reduced by eliminating lakes whose water resources were smaller than five million cubic metres. The next step focused on analysing lake surroundings within a 3-kilometre radius from the shoreline, in order to find terrain height differences of greater than 30 metres. If a potential site for an upper reservoir was found, it was assessed for whether its surface is large enough to create a reservoir whose theoretical volume is estimated based on water resources from the lower reservoir. The final constraint, which eliminated several sites, was associated with environmental protection areas which might indispose the creation of a PSH project. Sites fulfilling these criteria are presented in Figure 1 . It has been assumed that maximal acceptable water-level fluctuations in the lower reservoir cannot exceed 2 metres, which, according to [24] , is not uncommon, and is acceptable. Energy storage potential V GT for each site has been estimated based on formula (1) 
PSH: simulation model & operation principle
A mathematical model is a concise description of a system by means of mathematical concepts and language. Due to the complexity of real systems, simplifications and omission of some inputs are essential. In this study, it has been assumed that all PSH sites' storage potential is summed and treated as a single site. The impact of precipitation and evaporation on the volume of water stored in both reservoirs (mainly the upper one) has been disregarded. The whole concept is based on the assumption that PSH can simultaneously pump water into the upper reservoir and generate electricity by releasing it into the lower reservoir. Therefore, PSH must be equipped with a set of pumping, as well as generating, water turbines. An overview of energy flow for the proposed hybrid energy source is given in Figure 2 . In order to determine the volume of energy stored in the upper reservoir and create a schedule for energy generation, one must first calculate an intermediate value, E j,i B1 , based on formula (2): Table 1 summarises those values. From the perspective of RES integration into the power grid, it is important to calculate (6) the volume of wind-turbine energy which cannot be stored in the upper reservoir -E j,i S . This unscheduled energy surplus is a disruption to the energy market balance and may sometimes come with an additional cost for the wind park owner, who in such circumstances may turn down wind turbines.
for j = 1…m; i = 1…n Additionally, in the proposed approach to scheduling energy generation from PSH, the situation may arise where the amount of energy stored in the upper reservoir and the volume of energy coming from wind generation are not sufficient to cover scheduled generation. This, from the perspective of energy market operation, may be perceived as a sudden and unscheduled energy deficit -E j,i D . This value can be calculated based on formula (7): Polish Power Grid Company publishes only aggregated data on wind generation. This is available on an hourly time scale from June 2012 up to one day ago. However, due to the rapid development of the wind energy sector during recent years, it is hard to estimate the impact of varying mean annual wind speed on energy generation. In this paper, an assumption has been made that wind generation will be simulated based on five locations in Pomerania and West Pomerania (see Figure 1) where the highest concentration of wind parks is observed. Hourly wind speed data was obtained from Modern-Era Retrospective Analysis for Research and Applications (MERRA, 2015) . Values obtained from simulating Pomerania and West Pomerania wind parks has shown a good correlation with aggregated wind generation as provided by Polish Power Grid Company for 2015. Despite constituting only to 40% of installed capacity, the correlation on an hourly scale was 0.86, whereas on a monthly scale it was 0.97.
Results
Based on the approach presented in the Methods section, a total of 37 potential sites for new PSH projects have been retrieved. The mean height difference between upper and lower reservoir was estimated to be 44 metres, with maximal equal to 80 metres and minimal 30 metres. Assuming 2-metre water level fluctuations in the lower reservoir to be acceptable, all 37 sites have the potential to store 62.8 GWh of energy. Considering the fact that some sites lay within environmental protection areas, the storage potential is reduced to 35.2 GWh. Those values were further used in two investigated scenarios. Hourly wind generation has been simulated based on five selected locations (see Figure 1) for the years 1985-2015. For those years, the installed capacity in wind turbines was equal to 1640 MW. The remaining parameters and model inputs are presented in Table 1 .
Over the years 1985-2015, wind turbines generated 95.8 TWh of electrical energy, and the average annual energy yield per 1 MW of installed capacity was 1.9 GWh. This results in a capacity factor of 21.5%. The fleet of 820 2-MW wind turbines means that hourly energy generation was 352.7 MWh, with standard deviation of 397.7 MWh. The highest average hourly energy generation was observed in December, and amounted to 556.9 MWh. The lowest was in July, and comprised 36% of that from December. Assuming an energygeneration schedule for each month as presented in Table 1 , a simulation of the proposed power unit was performed for the year 2015. The generation schedule assumed that PSH should generate a total of 2.5 TWh -the mean hourly value varies depending on month. For both upper reservoir capacity scenarios, wind turbines generated 3.49 TWh of electrical energy. Clearly, in the case of this year there is a possible energy excess of almost 1 TWh. However, due to the constrained capacity of the upper reservoir and the fixed schedule, an energy deficit may even occur. In the scenario assuming V GT = 62.8 GWh, the observed energy surplus amounted to 619 GWh, whereas the energy deficit was almost three times smaller, being as little as 218 GWh. In consequence, the actual energy generated by PSH was 2.28 TWh, which was 9% smaller than scheduled. Decreasing the upper reservoir capacity to V GT = 35.2 GWh increased the energy surplus by 15% to 714 GWh, and the energy deficit by 30% to 284 GWh, while decreasing actual energy generation from PSH to 2.21 TWh. Energy generated from PSH in the second scenario is 12% smaller than scheduled, but only 3% smaller than that of the scenario with the greater upper reservoir. The presented results imply that a change in upper reservoir storage potential from 62.8 GWh to 35.2 GWh has a relatively small impact on scheduled generation (see Figures 3 and 4 to compare the energy generation patterns in January 2015). However, the fixed, inflexible generation schedule based on historical data leads to significant energy surpluses and unrealised energy generation (energy deficit). Despite the obvious drawbacks of the applied energy generation schedule (which was not the main issue of this paper), using PSH as an intermediary between wind turbines and the power grid smoothed the energy yield curve. There exist some cases (as in Fig. 3 and 4) where the scheduled energy generation is not met and follows the energy yield pattern from wind turbines. Of course, amendments can be made to the proposed scheduling approach, for example, by selecting only several crucial hours during which PSH generates electrical energy -this may be evening peak hours, or those when the energy price reaches its highest values, in order to increase the economic viability of proposed solution.
Conclusions
This paper investigated the use of PSH powered by wind turbines to provide dispatchable and reliable electricity. A mathematical simulation model, a scheduling approach and a site selection method for PSH plants have been presented and tested for two provinces of Northern Poland. Results indicate that West Pomerania and Pomerania have sufficient potential of PSH sites to handle their currently-installed wind turbine capacity. However, future research should thoroughly investigate each site from the perspective of environmental protection. Reducing storage potential from 62.8 GWh to 35.2 GWh leads to greater energy surpluses, but the energy-generation schedule is reduced only by 3%. Further research should investigate whether this can be handled by changing the energy-generation scheduling approach. Results suggest several interesting directions for future research, which should include: economic analysis, consideration of more VRE, input sensitivity analysis and the role of the investigated power source in the energy system. 
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